The keyhole wasp (Pachodynerus nasidens Latreille 1812), a mud-nesting wasp 18 native to South and Central America and the Caribbean, is a relatively recent (2010) 19 arrival in Australia. In its native range it is known to use man-made cavities to 20 construct nests. A series of serious safety incidents Brisbane Airport related to the 21 obstruction of vital airspeed measuring pitot probes on aircraft possibly caused by 22 was a significant predictor of nesting, and probe volume may determine the sex of 36 emerging wasps. 37 38 4 species are rare [9]. Indeed, it is known in USA as the "keyhole wasp". It will also 63 nest in the ground and construct mud nests attached to plants: this plasticity in 64 nesting behaviour is remarkable [5] and allows the species to adapt to new 65 opportunities for nesting in novel environments. It is a relatively small wasp, 66 distinguished from other species in the genus by the relatively short thorax and dull 67 yellow-brown markings (as opposed to bright yellow) on distal abdominal tergites 68
mud-nesting wasps at prompted an assessment of risk. An experiment was designed 23 to determine the species responsible, the types of aircraft most affected, the 24 seasonal pattern of potential risk and the spatial distribution of risk on the airport. A 25 series of replica pitot probes were constructed using 3D-printing technology, 26
representing aircraft with high numbers of movements (landings and take-offs), and 27 mounted at four locations at the airport. Probes were monitored for 39 months. 28
Probes blocked by mud nesting wasps were retrieved and incubated in mesh bags. 29
Emerging wasps were identified to species. Results show that all nests in probes 30
were made by P. nasidens, and peak nesting occurs in the summer months. Nesting 31 success (as proportion of nests with live adult emergents) was optimal between 24 32 and 31°C and that probes with apertures of more than 3 mm diameter are preferred. 33
Not all areas on the airport are affected equally, with the majority of nests 34 constructed in one area. The proportion of grassed areas within 1000 m of probes 35 Introduction 39 Interactions between aircraft and wildlife are frequent and can have serious financial 40 and safety consequences. Birds are the most common threat to aircraft [1, 2] , with a 41 host of terrestrial animals also implicated [3] . There were over 16,500 reported 42 incidents involving birds and a further 397 involving other vertebrates at Australian 43 airfields between 2008 and 2017 [4] . The majority of these incidents occurred during 44 take-off (23.45%) or landing (34.24%), the two most vulnerable phases of flight. 45
However, the risk posed by wildlife when aircraft are on the ground is much less 46 understood and despite widespread anecdotal knowledge amongst the tropical and 47 sub-tropical aviation community about insects and flight safety, specific threats posed 48 by insects have not been quantified before. Here we report on an emerging insect-49 aircraft interaction that is a potentially lethal threat to flight safety. 50
In 2012, an exotic mud-nesting wasp (the keyhole wasp, Pachodynerus nasidens 51 Latreille (Vespidae: Eumeninae)) was detected at Brisbane Airport (caught in an 52 office off the international arrivals hall: Ross Wylie pers. comm.). This was the 53 second record of the species in Australia after one was detected in northern Brisbane 54 during a routine quarantine inspection of cargo initially received at the Port of 55 Brisbane in 2010. Pachodynerus nasidens is native to tropical Central and South 56
America and the Caribbean, and is also found in the southern USA (Florida, Texas 57 and Arizona where it is possibly adventive [5, 6] . It has also been recorded from a 58 number of Pacific islands including Hawaii, Polynesia, Micronesia and Japan [7, 8] . 59
Pachodynerus nasidens is well known as an inquiline species, using abandoned or 60 empty nests of other wasps, and for using man-made cavities (e.g. window crevices, 61 keyholes, electrical sockets), to the extent that wholly constructed nests by the 62
Airspeed is a critically important measure in aviation. Without an accurate measure of 75 airspeed pilots cannot easily judge take-off and landing and cannot ensure that the 76 aircraft flies in a safe speed range; fast enough to generate lift and remain airborne 77 but also slow enough to avoid structural failure under excess aerodynamic loads. 78
Pitot probes are hollow tube-like instruments that are commonly mounted on the 79 fuselage behind the nose cone and below to the cockpit. The probes measure 80 airspeed by subtracting mechanically the ambient "static pressure", sampled by a 81 separate sheltered hollow static port, from the "total pressure" of air entering the 82 exposed pitot probe to give a "dynamic pressure". Dynamic pressure directly equates 83 to speed through the air. 84
Aircraft manufacturers and aviation authorities recognise that amongst the issues 85 that might cause the pitot static system to fail to indicate correct airspeed, a blockage 86 (or even partial blockage) of a pitot probe or static port by insects (or other agents 87 such as ice) is a significant hazard [12, 13, 14, 15, 16, 17, 18] . Anomalies between 88 separate airspeed indicators can lead to costly and hazardous rejected take-offs or 89 turn backs [e.g. 15, 16] or even catastrophic consequences [12, 13, 17, 18] . In 90
February 1996 a Boeing 757 crashed shortly after take-off from the Dominican 91
Republic, killing all 189 passengers and crew. Anomalous airspeed readings from the 92 pitot probes were responsible for the pilots misjudging the aircraft's speed. A sphecid 93 (mud-dauber) wasp was believed to have made a nest in one of the pitot probes, 94
although none were recovered [19] . The plane had been standing at Gregorio 95 Luperón International Airport in Puerto Plata, and for the two days prior to the fateful 96 flight the pitot probes were not covered as recommended by the manufacturer [13] . 97
At Brisbane Airport, five incidents were reported between January and March 2006 in 98 which pitot probes gave inconsistent readings and flights were either rejected on 99 take-off or proceeded to their destination. All aircraft were Airbus A330s. An incident 100 on 19 March 2006 led to dangerous brake heating and tyre deflation when take-off 101 was rejected, resulting in the deployment of airport rescue and fire-fighting services 102
[15]. On inspection, it was found that the pitot probe on the pilot-in-command's side 103 had "wasp-related debris". Material retrieved from this probe by the Australian 104
Museum included fragments of an insect body including the head of a wasp. 105
In November 2013, an A330 prepared to take off but returned to the bay after 106 airspeed discrepancies between the captain's and first officer's readings. After 107 checking electronic instrumentation the plane was cleared for a second take-off, but 108 another airspeed discrepancy occurred, and the captain returned under emergency 109
procedures. Sand and mud consistent with a mud dauber wasp nest was found to be 110 blocking the captain's probe [16] . Since this incident, more detailed records of wasp-111 6 related issues have been recorded at Brisbane and a total of 26 were reported 112 between November 2013 and April 2019. 113
Partial completion of a nest in a pitot probe can take place very quickly. An A320 was 114 found to have a blocked total air temperature probe on arrival in Newcastle from 115
Brisbane in August 2015. The aircraft had been on the ground in Brisbane for only 30 116
minutes. 117
This paper reports on an experimental approach at Brisbane Airport to determine 118 which species are implicated in pitot probe blockages, which aircraft are being 119 targeted, and where on the airport the greatest risk of blockage occurs. Data on 120 nesting preferences, seasonality, reproductive success will be essential in directing 121 management to reduce the risks posed by this issue to airlines and the flying public. which airframes should be included in the study. Airframes were also filtered for pitot 139 probe dimensions, so that a range of aperture diameters and chamber depths (i.e. 140 distance to first baffle) were used. Six airframes/pitot probe types were selected 141 (Table 1) . 142 Table 1 
. Dimensions of pitot probes for six airframes types and deployment locations

147
As sufficient decommissioned pitot probes were difficult to source, we manufactured 148 probes from UV-resistant ABS plastic using 3-D printing technology, based on 149 detailed engineering designs for accuracy. Probes were mounted on 3 mm x 900 mm 150
x 1200 mm white-painted steel sheets (to simulate an aircraft fuselage) which were 151 themselves attached to a weldmesh panel for rigidity ( Probes were inspected weekly to monthly, depending on season and wasp activity. 178
Blocked probes were removed from the panels and placed in fine mesh bags with 179 labels recording date, probe type and location. Bags were kept in a mildly air-180 conditioned room (25-27°C) and monitored for emergence. Emerging invertebrates 181
were placed in vials with methanol, and the date, species, number of individuals and 182 sex were recorded. Species that could not be identified were sent to the Queensland 183 Museum for determination. Retrieved probes that remained blocked after 70 days 184 were opened to determine if there were unhatched wasps in front and/or rear cells. 185
Probes that did not result in successful emergence were examined for remains of 186 undeveloped wasps and unconsumed prey. 187 D a t a a n a l y s i s 188
We analysed the wasps' probe choice, blockage rates, locations and the relationship 189 between nesting and environment. As we did not have a perfectly balanced design 190 (in respect of numbers of probes of each airframe), probe blockage rates were The first pitot probe blockages occurred two weeks after the probe panels were 207 installed. In total, 93 instances of fully blocked probes were recorded during the 39-208 month study. There is a seasonal pattern, with 96% of nesting occurring between 209
November and May (Fig. 3) . Data from 2017 indicate that nesting of P. nasidens 210 extended into July, with hatching as late as August. Nesting has been recorded in 211 every month of the year except July and September. There is no relationship 212 between nesting and rainfall (F 1.37 = 0.0001, p = 0.99), or with rainfall in the previous 213 3 months (F 1,37 = 0.837, p = 0.37). However, nesting was significantly correlated with 214 the average monthly temperature (F 1,37 = 7.33, p = 0.01). 215 The blockage rate by aircraft type indicate that probes with apertures ≥ 2.5 mm are 220 preferred (Table 3) . Proportionally, probes from 737 airframes (737-400 and 737-800, 221
diameters 5-7.2 mm) are most likely to be blocked (56.3% of all blockages), 222 especially the 400 series, followed by the A330 (19.3%, diameter 5.5 mm). The 223 smallest probe (Embraer ERJ90, diameter 2.5 mm) had the lowest rate of blockage. 224
Although the standardised rates of pitot probe blockage were significantly different 225 from an even distribution (χ 2 = 28.08, P < 0.01), neither probe aperture diameter nor 226 distance to first baffle were significant predictors of nest choice (F 2,57 = 0.909, P > 227 0.05). 228 
230
An ANOVA on blockages showed that there were no significant differences in rates 231 of nesting between probe types (F 5,54 = 1.411, P > 0.05), even though 86% occurred 232 in probes with a diameter range of 5-8 mm. Of the 93 blockages, 93.5% were detected at the QLINK apron: this results in a 235 highly significant deviation from expected ratios (χ 2 = 91.59, p = <<0.01), with no 236 significant differences between other locations in pair-wise tests. 237
In addition to this data on nesting in pitot probes, P. nasidens was recorded nesting 238 in a number of other locations around the airport including on-ground servicing 239 equipment, and in timber trap nests that were separately deployed to trap wasps. 240
Probes closer to natural habitats are more likely to be blocked than those further 242 away ( Fig. 4) . Linear regression between the number of blockages and the minimum 243 distance of panels to each habitat type shows that the proximity to natural horizontal 244 habitat is significant (R = -0.73, P < 0.01) but proximity to natural vertical habitat is 245 not (R = -0.025, p > 0.05) (Fig. 4) . A multiple regression of the number of probe 246 blockages and the proportion of habitat types at increasing distance shows that the 247 amount of natural horizontal habitat at 1000 m is also significant ( Table 4) . 248 (40.9%) had contents that were either undeveloped or parasitised. All adult mud-258 nesting wasps that emerged from pitot probes were P. nasidens. 259
There is no consistent trend in successful nesting (i.e. completed nests and live 260 hatching) with time of year (Fig. 5) , and no significant relationship between hatching 261 and rainfall during nesting (F 1,37 = 0.010, P >> 0.05): however, rainfall during the 262 2016-17 and 2017-18 summer nesting periods, nests that were completed at the start 275 and the end of these periods appear to mature more quickly (Fig. 5) . 276
Blocked probes have had 1-3 cells built, but only two (both A330), have produced 277 two adults, and one produced three (B737-800). There was no significant difference 278 in probe types in the number of cells yielding more than one adult wasp (χ 2 = 5.64, p 279 = 0.130). 280
Probes that did not result in successful hatching were examined for remains of 281 undeveloped wasps and unconsumed prey. All had either pre-adult P. nasidens 282 pupae or had evidence of caterpillar and/or beetle larvae: none had evidence of other 283 native wasps or spiders (which would indicate other genera of Vespidae). 284
Only one probe produced live adults of a potential parasitoid of P. nasidens: five 285
Chrysis lincea (Chrysididae) adults hatched from a B737-400 probe retrieved in May 286
287
S e
x r a t i o s 288 A male-biased sex ratio of 1.53:1 was recorded from the pitot probes: this does not 289 significantly deviate from a 1:1 relationship (Pearson χ 2 = 2.233, p = 0.693). Males 290 and females were equally likely to hatch from A330 and 747-800 probes (observed 291 ratio 1:1), but males were 3 and 1.75 times more likely to hatch from 737-800 and 292 737-400 probes respectively. There is also a close curvilinear relationship (r 2 = 293 0.942) between the proportion of hatching males and pitot probe volume with the 294 greatest proportion hatching from mid-sized probes, but this relationship is not as 295 close for females (r 2 = 0.517) (Fig. 6) . 296 Discussion 300 Nesting by P. nasidens at Brisbane Airport follows general seasonal patterns found 301 within its native range [21], with peak nesting occurring in warmer, wetter months 302 although the only significant relationship was to temperature. Nesting success (as 303 expressed by the proportion of nests producing live adults) is very consistent with 304 other studies of this species (39.8% compared with 39.7% in [21] , and incubation 305 times are also generally within ranges published for native populations (16-138 days 306 compared with 23-41 days [22] , 5-59 days [21], 20-24 days [23] . 307
Nesting activity is mostly confined to the summer months, which broadly agrees with 308 other studies [21, 23], where egg development was optimal between 26-31°C. At 309
Brisbane, nests completed after the peak of summer (when mean maximum 310 temperatures fell below 26°C) still developed and hatched adults, suggesting some 311 local climatic adaptation to slightly lower temperatures. 312
Sex ratios of P nasidens emerging from trap nests within its native range are 313 variable, from 2:1 male to female (from a very small sample size) [11], 1:1 [24], and 314 0.56:1 [21] . Evidence suggests that local conditions of weather, prey availability and 315 nest opportunities can affect sex ratios in cavity-nesting species [25, 26] . Data from 316
this study suggests that there may be an effect of pitot probe nest volume on the 317 proportion of males successfully hatching, but not the number of females. 318
The emergence of Chrysis lincea from blocked pitot probes indicates that some 319 parasitism of P. nasidens is occurring, and the presence of Melittobia sp., Cotesia sp. 320
and Perilampus sp. from mud nests on adjacent terminal buildings suggests that 321 these parasitoids may also contribute to control of P. nasidens. A Melittobia species 322 parasitised P. nasidens in Cuba, affecting between 41.6 and 75% of all cells [27] . The choice of pitot probe type for nesting in P. nasidens appears to be based on a 334 minimum aperture of 2.5-3 mm. Adult females are 10-12 mm long, and observations 335 of active nesting in probes showed that wasps leave head-first, indicating that they 336 turn around inside the probe. A smaller aperture may be enough to allow a pupa to 337 develop and hatch, but adult females cannot physically negotiate the narrow bore. In 338 Brazil, P. nasidens was found to prefer apertures of 6-9 mm and did not use traps 339 with apertures of 4 mm which were also available [11].
[21] found P. nasidens and its 340 congeners did not nest in cavities with apertures above 7 mm in diameter. However, 341 P. nasidens has been found nesting in bamboo canes between 17 and 23 mm in 342 diameter [28] . Of the other mud wasps at Brisbane Airport (above), only Pison 343 pyrrhicum is likely to be small enough (7.4-7.7 mm long) to negotiate the pitot probes. 344
Females of the other species are 18 mm (Chalybion bengalense) to 30 mm (Abispa 345 ephippium) in length. 346
The environment available at Brisbane Airport to P. nasidens for securing nesting 347 resources is entirely modified. All grassed areas are managed (i.e. mown) to reduce 348 their attraction to birds; plantings of native species in plantations and gardens are 349 similarly semi-natural at best. The closest environments to the pitot probe panels are 350 highly modified structures that provide few nesting resources (prey, sediment and 351 water), except for pitot probes. There is evidence that the extent of grassy habitats at 352 1000 m from the panels may influence nesting success: this shows that wasps are 353 prepared to use the pitot probes despite making longer flights to gather nest building 354
resources. 355
Nesting in this species is extremely efficient at Brisbane Airport. Time to complete a 356 two-cell nest may be as short as a few hours: anecdotal evidence suggests that a 357 complete nest can be constructed in a pitot probe within 5 hours -this occurred at 358 night between arrival at 20:41 and 05:49 on 1 March 2014 (Boeing 737). In its native 359 range (i.e. Jamaica) the total time to complete a cell is between 2.5 and 4.75 hrs, 360 with a 3-cell nest in a 6 mm diameter cavity completed in 3.5 hrs [23] . As most nests 361 in pitot probes at Brisbane are only single-celled, nest-building is considerably more 362 rapid and may be limited to provisioning a single cell and applying a closing plug of 363 mud. In respect of dangers to aircraft however, the nest does not need to be 364 complete: the first addition of mud for the rearmost cell wall (if required) or 365 introduction of the first prey item is enough to cause anomalous airspeed readings as 366 air flow in the pitot probe is impeded. Wasps have been observed inspecting aircraft 367 noses within a few minutes of arrival at the gate, suggesting some experiential 368 learning and memory of the nesting resource: the mobile and transient nature of the 369 probes on aircraft (i.e. planes come and go) makes this choice of real pitot probes for 370 nesting even more remarkable. the species was first observed) but does indicate that the species has been well-377 established outside its natural range since at least 1912. This dispersal is likely to 378 have been through shipping, although the possibility that wasps are carried on 379 aircraft cannot be discounted, especially as much of the spread is post WW2 when 380 air traffic began to increase in the region: aircraft luggage bay temperatures may be 381 sufficiently high (7°C to over 25°C: [29] ) to allow adult wasps or pupae in nests to 382 survive, and even wheel-wells may be suitable for shorter and lower altitude flights 383 [30] . The appearance of P. nasidens in Hawaii as early as 1912 confirms that it 384 arrived there by boat, as the first crossing of the Pacific to Hawaii (O'ahu) by 385 aeroplane from the west coast of USA did not take place until 1927. The progression 386 of the species across the Pacific is not a neat progression over time from east to 387 west: this may reflect the opportunistic nature of dispersal, or simply the pattern of 388 investigation of island invertebrate faunas by entomologists, or both. 389
As an adaptable, inventive and highly mobile species outside of its natural range, P. 390 nasidens has the potential to spread from Brisbane to other locations in Australia 391
where climates are suitable. Having arrived in Australia, the species has established 392 in a challenging environment but one that provides all the basic requirements for 393 population persistence and has identified a potential nesting opportunity that is both 394 transient and mobile. In doing so, P. nasidens poses a significant risk to aviation 395 safety, and further work is warranted to determine the prospects for its control or, 
